The pattern of the evolutionary radiation of modern birds (Neornithes) has been debated for more than 10 years.
I. INTRODUCTION
The study of fossil birds continues to be one of the most dynamic fields of evolutionary biology -the evolution of avian flight, the phylogenetic relationships of the major clades, and the pattern of the modern radiation of birds (encompassing the extant ' orders ' and ' families ') are just some of the topics that have focused research efforts over the last decades. Although the fossil record of archaic birds from the Mesozoic Era (the time span comprising the Triassic-Jurassic-Cretaceous) continues to improve, other than in basic shape ( Fig. 1) , precise phylogenetic details of the modern avian radiation remain debated. In tandem with improvements in the fossil record, a great deal of research effort has attempted to elucidate the evolutionary history of the more than 10 000 living species of birds using morphological and molecular data. It is known, for example, that some lineages of modern birds (Neornithes) existed in the Cretaceous, prior to the Cretaceous-Paleogene (K-P) extinction event 65 million years ago (MYA) (Hope, 2002; Clarke et al., 2005) . How many and how extensive their evolutionary diversification was remains unclear. What is clear, however, is that the record of Neornithes improves dramatically in the earliest Paleogene, even though few wellpreserved fossils are yet known from the earliest stages of this period (the Paleocene). By the time of the Early and Middle Eocene (approximately 55-37 MYA) the fossil record of modern birds is well-represented and abundant. Well-known Eocene deposits such as Messel (Germany) and the London Clay Formation (UK) document neornithine diversification in a European context. Lineage dynamics at the base of modern birds and the evolution of the group subsequent to the K-P event still remain unclear.
Well-preserved fossils that can be used to document the earliest evolutionary phases of Neornithes are very rare -fossils are needed that preserve enough anatomical features to be confidently included in phylogenetic analyses founded on extant taxa. Few anatomically modern bird taxa consisting of more than single fossil bones have ever been recognised from the latest Mesozoic, across the K-P boundary (Chiappe & Dyke, 2002; Clarke et al., 2005) , and into the very earliest stages of the Paleogene (Dyke & van Tuinen, 2004 ). What has been described, especially from the Cretaceous, is highly fragmentary (Unwin, 1993; Hope, 2002) and is mostly phylogenetically uninformative (Chiappe & Dyke, 2002 ; Dyke & van Tuinen, 2004) . At the time of writing only the modern ' waterfowl ' clade Anseriformes (comprising the extant screamers, ducks and geese) boasts a well-preserved, phylogenetically constrained representative from the late Cretaceous (Clarke et al., 2005) . By implication then, Galliformes (the sistertaxon of Anseriformes) and Neoaves (the sister-taxon of Galloanserae) must also have been present during the late Cretaceous.
This large temporal paradox between the now abundant record of Cretaceous archaic non-modern birds (Chiappe, 1995; Feduccia, 1999 Feduccia, , 2003 Chiappe & Dyke, 2002 ; Chiappe & Witmer, 2002; Fountaine et al., 2005) and their ' modern ' counterparts found in rocks of early Eocene age (Dyke, 2001 a ; Mayr, 2001; Dyke & Gulas, 2002; Dyke & van Tuinen, 2004 ; Mayr, 2005) has confounded interpretations of neornithine evolution across the K-P boundary, and has also meant that the basal divergences of modern birds have remained largely unresolved on the basis of osteological characters. In spite of the absence of characters drawn from good, well-represented fossil material, many years of anatomical work has proved unsuccessful in unravelling the relationships of extant birds (Cracraft & Clarke, 2001; Cracraft et al., 2004 ; Mayr, 2005) (Fig. 1) . Perhaps more surprisingly, a similar pattern occurs in recent molecular analyses -no single well-resolved tree for Neornithes has yet been produced using this muchtouted data source either, possibly reflecting short internodes resulting from rapid radiation at the base of modern birds (Feduccia, 1995 (Feduccia, , 2003 Poe & Chubb, 2004; Fain & Houde, 2004) .
The single overriding issue pertinent to this debate is simply that few deposits yielding well-preserved fossils of early Paleogene age are known (reviewed in Mlíkovsky, 1996; Mayr, 2005) . In this paper, our aim is to set the scene for bird evolution in the Paleogene by describing the changes in climate that took place during the Eocene and early Oligocene across Europe, and to present an initial report of a hitherto mostly overlooked European fossil-bird-bearing deposit, the lowermost Eocene Fur Formation of Denmark. This formation has produced well-preserved bird fossils in some numbers over recent years. Because some taxa from this deposit preserve an exceptional level of anatomical detail, they are likely to prove highly informative to our understanding of early neornithine evolution. Another motivation for presenting this report is that the fossil birds of the Fur Formation remain little known in the scientific literature, warranting only cursory discussion in previous reviews of the early neornithine fossil record (Dyke & van Tuinen, 2004; Mayr, 2005) and lineage dynamics (Cracraft, 2001) . Classic compilations of the modern avian fossil record (e.g. Olson, 1985) do not mention taxa from this deposit at all. Thus, taken in combination with other fossil modern birds of similar age from elsewhere in Europe and evaluated in a phylogenetic context, the birds from the Fur Formation can provide critical insights into the shape of the neornithine evolutionary radiation in the earliest Paleogene. With a temporally well-calibrated fossil record it is also possible to consider the influence of climate change across Europe on the early evolution and diversification of modern birds.
II. THE EOCENE EPOCH : CLIMATE, FAUNAL CHANGE AND EXTINCTIONS
The Eocene Epoch spans the time period from 55.8 to 33.9 MYA and is divided into three parts : Early, Middle and Late (Gradstein et al., 2004) . We know that during this Epoch one of the most important overall climatic changes to occur during the entire Cenozoic (65 MYA to recent) took place : gradual global cooling. In the earlier parts of the Eocene, global climate has been considered generally moist and hot (a so-called ' greenhouse' climate; Prothero, 1994 a, b) supporting a high diversity of taxa, including birds. Diverse Lower Eocene avian faunas are well known from Europe (e.g. London Clay Formation, UK; Fur Formation, Denmark) and North America (e.g. Green River Formation, Wyoming ; Willwood Formation, Montana), in particular. By contrast, by the end of the Eocene global climates had cooled to a more temperate 'icehouse ' regime considered to have supported a lower diversity of taxa (Prothero, 1994 a, b) . Unfortunately, temporal resolution of the avian fossil record in the later Eocene is not good enough to address this directly (G. Dyke, unpublished data). Gradual global cooling was a result of changes in oceanic circulation brought on by the onset of Antarctic glaciation and changes in the greenhouse gas content of the atmosphere (Prothero, 1994 a, b) . Throughout the majority of the Eocene Europe remained an archipelago on the edge of the warm Tethys Sea and only underwent minor changes in drying and cooling compared to North America . It has already been shown that understanding climate change prior to and throughout the Eocene and Oligocene is critical to our treatment of avian evolution (Blondel & MourerChauviré, 1998) (1 ) Early Eocene
The Early Eocene spans the time period from 55.8 to 48.6 MYA and encompasses the Ypresian stage (Gradstein et al., 2004) . The onset of the Eocene period is marked by rapid CO 2 -and CH 4 -induced global warming, which lasted less than 10 000 years . This was probably the result of large-scale release of methane hydrates from the seafloor (Bains, Corfield & Norris, 1999 ; Thomas et al., 2002) triggered by extensive basaltic volcanism in the North Atlantic area Svensen et al., 2004) . The gas release triggered greenhouse conditions, which resulted in some of the highest palaeotemperatures recorded on the planet during the Cenozoic; the so-called 'Early Eocene climatic optimum ' which lasted at least two million years (Zachos et al., 2001) . During this event, marine nanoplankton suffered extinction events or underwent periods of massive faunal turnover (Kennett & Stott, 1991; Kelly et al., 1996; Thomas, 1998 ; Crouch et al., 2001 ) and terrestrial mammal faunas are also thought to have experienced turnovers with new groups replacing archaic ones (Gingerich, 2003) .
In the aftermath of this climatic optimum, Early Eocene terrestrial climates are considered to have been generally warm and moist, with tropical climates in the mid-latitude regions and a frost-free temperate climate in the polar regions (Prothero, 1994 a, b) . Global sea level was high, and ocean temperatures were much warmer than today, with tropical seas extending north and south of the equator beyond 50x northern and southern latitude . There was little overall difference in water temperature between high and low latitudes due to the mixing of higher latitude and equatorial waters (Kennett, 1977 ; Kennett & Stott, 1990; Prothero, 1994 a, b) .
At the beginning of the Early Eocene (approximately 55 MYA) Europe was connected to North America across the Greenland-Scotland ridge (McKenna, 1980 (McKenna, , 1983 resulting in many similarities in the mammalian faunas (Prothero, 1994a) . By the time of the Late Eocene (approximately 37 MYA) this connection had closed as a result of the opening of the northernmost Atlantic Ocean (Prothero, 1994a) . European floras at this time were tropical (Collinson, 1983; Boulter, 1984 ; Collinson & Hooker, 1987) .
(2 ) Middle Eocene
The Middle Eocene spans the period from 48.6 to 37.2 MYA and encompasses the Lutetian and Bartonian stages (Gradstein et al., 2004) . Terrestrial climates of the The shape of the modern avian radiation based on a variety of morphological and molecular sources (see Cracraft et al., 2004 ; Dyke & van Tuinen, 2004) . The depth of this radiation into the Cretaceous remains in question.
northern hemisphere in Middle Eocene times have been considered to be warm overall with subtropical conditions and small variations in annual mean temperature (Prothero, 1994a, b) . At this time, Western Europe was separated from North America as a result of the opening of the northernmost Atlantic and rising sea level, and an endemic mammalian fauna developed (Collinson & Hooker, 1987; Collinson, 1992 ; Prothero, 1994a) . Floras across Europe are thought to have remained tropical (Collinson & Hooker, 1987 , Collinson, 1992 . Close to the end of the Middle Eocene a drying and cooling event took place, which drastically changed the flora and resulted in a major extinction event among treeliving and leaf-eating mammals adapted to a forest habitat (Prothero, 1994a, b) . Across Europe floristic analyses have indicated a progressive cooling of temperature resulting in the extinction of many tropical and subtropical plants by the end of the Eocene and their subsequent replacement by deciduous forms (Collinson, Fowler & Boulter, 1981) . Many soft-browsing herbivores, tree-dwelling primates and insectivores became extinct, replaced by coarser-browsing forms (Collinson & Hooker, 1987 ; Hooker, 1992 ; Legendre & Hartenberger, 1992) . The termination of the Middle Eocene was marked by the greatest marine extinction event to take place during the Cenozoic. Many taxa of marine single-celled organisms and invertebrates became extinct, with tropical forms especially severely hit (Prothero, 1994a, b) . Overall global cooling at this time was probably caused again by changes in oceanic circulation or by buildup of ice in the Antarctic .
(3 ) Late Eocene
The Late Eocene spans the period from 37.2 to 33.9 MYA and encompasses the Priabonian stage (Gradstein et al., 2004) . At the beginning of the Late Eocene global temperatures decreased slightly in comparison with the Middle Eocene (Prothero, 1994a, b) . Across Europe tropical forests were replaced with subtropical ones (Collinson & Hooker, 1987; Collinson, 1992) . The end of the Eocene itself is only marked by a minor marine extinction event during which a few taxa of ocean-going single-celled organisms became extinct (Prothero, 1994a, b) .
(4 ) Earliest Oligocene
The Early Oligocene (33.9-28.4 MYA) encompasses the Rupelian stage (Gradstein et al., 2004) ; at this time climates are known to have rapidly become colder and drier accompanied by a drastic increase in mean annual range of temperatures (Prothero, 1994a, b) . European forests in the earliest Oligocene are a mixture of deciduous and evergreen types indicating a warm-temperate-seasonal climate (Collinson & Hooker, 1987 ; Collinson, 1992) , while the mammal fauna indicates more open and dry savanna-like habitats (Legendre, 1987 (Legendre, , 1988 .
This major Oligocene cooling and drying event is also supported by analysis of oxygen isotopes from marine sediments which point to a sudden drop of 5-6 xC in the annual mean sea temperature of (Miller, Fairbanks & Mountain, 1987) , probably due to a major ice advance on Antarctica (Miller, Wright & Fairbanks, 1991) . This ice advance itself was the result of the increasing cooling of Antarctica due to the development of a circum-Antarctic current, which kept the southern polar region cool and prevented the mixing of currents with warmer equatorial waters (Frakes & Kemp, 1972; Kennett, 1977; Prothero, 1994 a, b) . At the same time, in the earliest Oligocene, a sea passage opened between Greenland and Norway allowing cold Arctic waters to penetrate into the warmer Atlantic (Talwani & Eldholm, 1977 ; Thiede, Eldholm & Taylor, 1989 ; Berggren, 1992 ; Miller, 1992) . Temperatures across Europe were substantially colder than in the Lower Eocene.
This sudden cooling in the Oligocene resulted in a great mass extinction, during which many marine single-celled and invertebrate taxa that had survived the previous endMiddle Eocene extinction disappeared. Again, warm-wateradapted forms suffered especially heavy losses (Prothero, 1994a, b) , as did the European land-mammal fauna (' La Grande Coupure' of Stehlin, 1909) . Extinctions among mammals were especially marked amongst ' archaic ' groups adapted to a forest habitat as well as among tree-dwelling forms. A number of mammal groups were replaced by Asian immigrants in the form of large ground-dwelling animals adapted to open habitats and rodents adapted to grain-and seed-eating (Prothero, 1994a, b) . These immigrant taxa probably arrived through a corridor formed by the Alpine uplift (Heissig, 1979 ; Prothero, 1994a) .
III. THE EARLY EOCENE FUR FORMATION OF DENMARK : SOME OF THE EARLIEST MODERN BIRDS
Fossil fish, reptiles, insects and plants have been collected from the Lower Eocene Fur Formation for 140 years (Bonde, 1987) . Over the course of the last two decades, just a few remains of fossil birds have been discovered and described from the Fur Formation (see Kristoffersen, 2002b) . In contrast with the preservation style of bird remains from many other Lower Eocene sites around the world (Dyke & van Tuinen, 2004) , a good proportion of the Danish fossils are exceptionally well-preserved, and three-dimensionally articulated.
( 1) Geological setting Sediments that comprise the Fur Formation outcrop in northwest Jutland, Denmark (Fig. 2 ) consist of approximately 60 m thickness of marine diatomite (Pedersen & Surlyk, 1983) . Interbedded within the Fur Formation are more than 170 layers of volcanic ash, which derive from volcanic eruptions during the opening of the NorwegianGreenland Sea at the beginning of the Lower Eocene (Larsen, Filton & Pedersen, 2003) . Previous authors (e.g. Pedersen & Surlyk, 1983 ; Kristoffersen, 2002b) 
Ar/
40 Ar-dating of two of the ash layers within the Fur Formation, which has yielded ages of 54.5 and 54.0 MYA (Chambers et al., 2003) .
The sediments of the Fur Formation were deposited in a local region of the North Sea basin where extensive upwelling of nutrient-rich bottom water resulted in extraordinary blooms of diatoms (silicaceous-shelled algae) (Pedersen & Surlyk, 1983) . Diatom shells rained down on the sea floor, forming a fine-grained diatomite sediment, which consists of 45-65 weight per cent diatoms, 30-45 per cent clay minerals and approximately 10 percent volcanic dust (Pedersen et al., 2004) . Because the formation was deposited at water depths below the storm wave base, under anoxic or slightly oxic bottom conditions, well-preserved, articulated vertebrate fossils, including birds, are relatively common (Pedersen & Surlyk, 1983 ; Bonde, 1987) . At certain horizons within the formation calcareous carbonate concretions occur, sometimes in more-or-less continuous layers (Pedersen & Surlyk, 1983) . These concretions ' grew ' in the sea-floor sediment, often around fossils, a relatively short time after deposition of the sediment (Pedersen & Surlyk, 1983 ; Pedersen & Buchardt, 1996) . The concretions are readily collected at the surface, where they have weathered out of the diatomite cliffs.
Two distinct modes of fossil preservation occur within the Fur Formation : within the carbonate concretions or as imprints in the diatomite. Although the imprinted fossils are often slightly flattened (Fig. 3A) , the sediment is fine-grained enough to allow details to be picked out on imprints on a 1/20 mm-scale (B. Lindow, personal observations). Fossil remains from within the carbonate concretions are threedimensionally preserved as the hard concretions protected their contents from compaction (Pedersen & Surlyk, 1983) . Imprints of feathers and soft tissue are not uncommon in the Fur Formation and 40 % of all bird fossils from the formation are carbonised imprints of lone feathers or feather imprints in relation to bones (Fig. 3 B) (Kristoffersen, 2002 b) .
(2 ) Faunal review Despite originating from a marine deposit, most of the birds that have been identified and described from the Fur Formation would have lived on land ; they were adapted to terrestrial and perching modes of life. Of the entire suite of fossils in this review (Table 1) , only very few can be considered to belong to modern 'orders ' adapted to an aquatic or marine lifestyle (Kristoffersen, 2002 b) . A preliminary survey of the avian diversity preserved in the Fur Formation recorded one extinct avian 'order ' alongside representatives of 12 (of the approximately 26; sensu Monroe & Sibley, 1993) extant 'orders ' (Kristoffersen, 2002 b) .
Since the earliest published reports of a bird fossil from the Fur Formation (Hoch, 1972 (Hoch, , 1975 , technical papers dealing with these Danish birds have intermittently appeared over the course of the last two decades (e.g. Hoch & Pedersen, 1983; Hoch, 1997 ; Kristoffersen, a, b, 1999 Dyke, Waterhouse & Kristoffersen, 2004) . Some of the Fur Formation avifauna formed the subject of an unpublished PhD thesis (Kristoffersen, 2002 b) , based at the University of Copenhagen's Geologisk Museum (abbreviated MGUH) where many of these fossils are reposited.
Here we build on earlier publications that have considered one or more of the Fur Formation fossil birds to provide an accessible synthesis of the diversity from this deposit that has been presented in the primary literature to date. Taxonomic identification of specimens is ongoing and at this stage we do not present phylogenetic evaluations of fossils in a cladistic context ; this represents an area of future work, being conducted in collaboration with S. Bertelli and L. Chiappe (unpublished data). Instead our review is ordered roughly according to standard avian taxonomic checklists (e.g. Monroe & Sibley, 1993) , building from the base of the modern bird tree (Palaeognathae, Galloanserae ( a ) Palaeognathae, Galloanserae, shorebirds and 'waterbirds '
At least the Palaeognathae and Galloanserae have long been considered monophyletic, two of the earliest divergences within the neornithine tree ( Fig. 1) . Some of the largest avian remains collected to date from the Fur Formation belong to the extinct palaeognath group Lithornithiformes (sensu Houde, 1988 ; Leonard, Dyke & van Tuinen, 2005) . Current phylogenetic consensus suggests that palaeognathous birds are the first divergence amongst modern birds (the sistergroup of all other neognathous birds ; Fig. 1) ; the extant representatives of this clade are the flightless ratites (i.e.
ostriches, emus, cassowaries, kiwis and rheas ; del Hoyo, Elliot & Sargatal, 1992) , along with the flying Tinamidae (i.e. tinamous ; del Hoyo et al., 1992) . Lithornithiformes were flying palaeognaths that have been discovered as a clade (i.e. not paraphyletic as suggested by Houde, 1988) in recent phylogenetic studies close to the divergence of ratites, more derived than tinamous (Leonard et al., 2005) . Initially described as neognathous birds (Owen, 1841 ; Harrison & Walker, 1977) , Lithornithiformes have to date been reported from the Fur Formation, the London Clay Formation and from the Paleogene of North America (Houde, 1988 ; Kristoffersen, 1999 Kristoffersen, , 2002b Leonard et al., 2005) . From within the Fur Formation, a diverse assemblage representative of this extinct 'order ' has been collected and described. Kristoffersen (1999 Kristoffersen ( , 2002b described two partial specimens and an isolated humerus, while recently, Leonard et al. (2005) described an almost complete, articulated skeleton of Lithornis vulturinus (MGUH 26770 ; Fig. 4 ) that has Leonard et al. (2005) . Preserved as a threedimensional, articulated skeleton. Scale bar=5.0 cm. allowed clear diagnosis of this clade for the first time. Lately, new and associated material has also emerged. Remains of lithornithiform birds are also known from the contemporary Ølst Formation ; Houde (1988) referred a partial humerus to Lithornis cf. nasi (mistakenly described as originating from within the 'plastic clay ' ; Kristoffersen, 2002 b) .
The Fur specimen of Lithornis vulturinus (MGUH 26770) is the best preserved representative of this extinct group yet known and has a remarkable three-dimensional skull associated to its postcranial skeleton (Fig. 4) . New anatomical information afforded by this fossil shows that a number of cranial characters previously considered diagnostic for ratites may in fact be primitive among palaeognaths, including tinamous (Leonard et al., 2005) .
Moving up the tree into the neognathous birds (Fig. 1) , the next divergence within Neornithes comprises the traditional ' orders ' Galliformes (' landfowl' ; pheasants, quail, peafowl and relatives) and Anseriformes (' waterfowl '; screamers, ducks and geese), often collectively termed Galloanserae. These two orders have long been placed together as a single clade (see Cracraft et al., 2004) , although one recent poorly taxon-sampled data set appears to refute this (Bourdon, 2005) . In any case, no specimens pertaining to Anseriformes have yet been described from the Fur Formation, while two specimens are presently referred to Galliformes. Kristoffersen (2002b) tentatively assigned two imprints of articulated leg bones to the extinct galliform families Gallinuloididae and Paraortygidae (see Mayr, 2005) . Although incomplete, these Danish records are tantalising because any new fossil material is important; the phylogenetic placement of these and other fossil galliform taxa with respect to the extant crown-group remains in question. The Fur Formation galliforms demonstrate that these birds were common in the Lower Eocene ; they are present in all of the known fossil-bird-bearing deposits of this age (Dyke & van Tuinen, 2004 ; Mayr, 2005) . By the time of the earliest Paleogene, Galliformes are well-represented both in Europe and North America. Mayr (2005, p. 3) has argued that all ' sufficiently well-preserved ' pre-Oligocene taxa that have been described to date are members of the 'stem ', rather than the ' crown-group ' of this clade (see Mayr & Weidig, 2004) . What Mayr (2005) implies, presumably, is that no fossil members of the three widely recognised extant clades of Galliformes -megapodes, cracids and ' phasianoids ' (del Hoyo et al., 1992; Dyke, Gulas & Crowe, 2003; Mayr & Weidig, 2004 ) -have been described from either the Palaeocene or Eocene. Some cladistic analyses including the Lower Eocene fossil Gallinuloides are contrary to this conclusion ; clearly, more work remains to be done in this area of fossil neornithine phylogenetics (Dyke, 2003) .
Outside of these early neornithine divergences, palaeognaths and Galloanserae, the phylogenetic relationships of higher taxa are less well understood. Indeed, quite a number of the traditionally recognised avian ' orders ' are now considered paraphyletic, or at least are of uncertain monophyly, on the basis of molecular sequence comparisons (e.g. Cracraft et al., 2004) or reasonably comprehensive morphological data sets (e.g. Mayr & Clarke, 2003 ; but see Livezey, 1998) . One of the larger of these ' wastebasket ' orders is Gruiformes, a group that has traditionally included the rails, cranes and bustards (Gill, 1995) . A substantial number of Paleogene fossil taxa have over the years been referred to this clade (Olson, 1985; Mayr, 2005) . Several specimens from the Fur Formation are putatively ' gruiform ', but will require a good deal of further study. For example, Hoch (1975) assigned a partially prepared skull imbedded in a calcareous concretion to Rallidae. This little specimen has now been prepared more completely, showing that it is almost complete, although further study will be required to determine its phylogenetic affinities. A second Fur Formation specimen was compared with extant Galliformes by Hoch (1997) , who did not comment further on its 'ordinal ' affinities; this specimen was later referred to the extinct Messelornithidae by Kristoffersen (2002b) . Although currently subject to revision, Fur Formation fossil material joins certain representatives of Messelornithidae known from other sediments of Palaeocene to Lower Oligocene age in Europe (Hesse, 1990; Mourer-Chauviré, 1995) . Often associated with Gruiformes in the past, the phylogenetic affinities of these birds remain debated (see Livezey, 1998; Mayr, 2004 b) .
Representatives of the living groups of 'waterbirds ', the ' Pelecaniformes ' (pelicans and cormorants) are relatively diverse in Paleogene deposits worldwide. In extant faunas these birds also enjoy an almost world-wide distribution (Gill, 1995) . Although the phylogenetic relationships of these birds are in dire need of systematic revision (even the monophyly of ' Pelecaniformes' is currently questioned), a number of fossil taxa showing anatomical similarities to other known fossil representatives are present in the Fur Formation collections. Kristoffersen (2002 b) noted the presence of a supposed pelecaniform from this deposit on the basis of two specimens. One of these fossils comprises a nearly complete post-pelvic skeleton (including the legs three-dimensionally preserved in calcareous concretions), and the other is a tibiotarsus-fibula complex preserved as an imprint in diatomite. Most interestingly, this fossil material may pertain to the only currently known ocean-going (i.e. fully marine) bird collected to date from the Fur Formation.
Charadriiform birds comprise one of the other traditional avian 'orders ' that is likely monophyletic, supported by morphological (Mayr, 2000) and molecular data Paton et al., 2003) . This clade includes a large number of familiar shorebirds and wading birds that presently enjoy a world-wide distribution, occurring on all continents around the world (e.g. Monroe & Sibley, 1993 ). Although relatively rare in the European Paleogene (Mayr, 2005) , well-preserved fossil Charadriiformes have been described from the Eocene (e.g. Mayr, 2000) . The presence of these birds has been noted on the basis of much less wellpreserved fossil material from Tertiary localities around the world (Olson, 1985; Boles, 1999 ; Hou & Ericson, 2002) , including the Fur Formation. Kristoffersen (2002 b) described a small, articulated specimen, which has been touted as a new shorebird taxon (see Dyke & van Tuinen, 2004) . Whatever the final outcome of phylogenetic analyses including this new fossil material, this Danish specimen is easily the best preserved representative of this clade from the Lower Eocene; with the exception of its forelimbs and left leg, this fossil is completely articulated and even has its skull preserved in three dimensions. Other specimens known from the lowermost Eocene are fragmentary, comprising single elements (e.g. Harrison & Walker, 1977) . Thus the Fur Formation material presents our best chance yet to resolve phylogenetic relationships within this clade while also including fossils. Charadriiforms are one of the groups of Neornithes for which dating divergences has generated controversy. Because these birds have a putative Cretaceous record on the basis of fossil fragments (Olson & Parris, 1987 ; Hope, 2002) , well-represented early Paleogene material can help to time the early divergences within this clade and to test estimates for their evolution founded on molecular sequence comparisons (e.g. Cooper & Penny, 1997) .
( b ) Parrots and ' higher land birds ' Although this second of our informal subdivisions is used for clarity in this paper, at least some of the traditional 'orders ' mentioned appear to have some morphological support (Mayr & Clarke, 2003; Mayr, Manegold & Johansson, 2003) . The term ' higher land birds ', for example, was first used by Olson (1985) to denote a grouping of modern avian taxa roughly equivalent to an older classification dating from the work of Garrod (1874) ; 'Caprimulgiformes ' (nightjars and relatives), Apodiformes (swifts and hummingbirds), Coliiformes (mousebirds), Trogoniformes (trogons), Coraciiformes (rollers and allies), Strigiformes (owls), Piciformes (woodpeckers and allies) and Passeriformes (perching songbirds). Of these groups, Passeriformes are by far the most abundant in modern avifaunas, comprising some 90 per cent of extant bird species (Gill, 1995) . With the exception of Piciformes, ' higher land birds ' and Psittaciformes (parrots) at least are well-represented in the Fur Formation.
Psittaciformes comprise a well-known group of tropical and subtropical modern birds that are certainly monophyletic on the basis of their lower leg morphology. Parrots have a unique zygodactyl perching foot morphology. In recent years the fossil record of these birds has been well described ; several taxa of Psittaciformes are known from the Eocene of Europe (Mayr & Daniels, 1998; Dyke & Cooper, 2000; Dyke, 2001a ; Mayr, 2002a) . Of known taxa of parrots, morphological treatments have considered members of Pseudasturidae to be a 'stemgroup ' or ' plesion ' with respect to the extant crown-group. Pseudasturid birds were first described by Mayr (1998 a) who initially classified the family as incertae sedis. LowerMiddle Eocene taxa considered as parrots have been described from the London Clay (Harrison, 1982; Dyke & Cooper, 2000) and Messel (Mayr & Daniels, 1998) . Mayr (2001) critiqued Dyke & Cooper (2000) for their description of one London Clay specimen as a psittaciform, referring it instead to Pseudasturidae. Mayr (2002 a) considered Pseudasturidae itself to be psittaciform, thus returning much Lower Eocene fossil material to its original position (see Dyke & Cooper, 2000) . One relatively large, threedimensionally preserved humerus from the Fur Formation was considered psittaciform by Kristoffersen (2002 b) and probably represents the earliest known crown-group member of the clade. Kristoffersen (2002b) also tentatively referred a left humerus to the genus Pseudastur (Pseudasturidae). Together with material from the Eocene London Clay (Dyke & Cooper, 2000 ; Dyke 2001a ), these specimens represent some of the earliest records of psittaciform birds. The mousebirds, Coliiformes, are another clade of modern birds that have an abundant Eocene fossil record (Dyke & van Tuinen, 2004 ; Mayr, 2005) , although restricted to just six species today. These birds are well-represented in the Fur Formation, from which two distinct forms have been described (Fig. 5) . The first European record of the sandcoleidid Chascacolius, an isolated forelimb, was described by (Fig. 5 A) . This taxon was originally described from the Paleocene and Lower Eocene of North America (Houde & Olson, 1992) . Another genus already documented in Europe, Eoglaucidium (Kristoffersen, 2002 b) (Fig. 5 B) , is also known from the Middle Eocene of Germany (Mayr & Peters, 1998) . Coliiforms are an interesting group of birds, given their abundant fossil record that starts in the Paleogene. Mayr (2005) reviewed the phylogenetic relationships within this clade, noting that the Upper Eocene and Lower Oligocene taxa Primocolius and Oligocolius form a sister clade to extant mousebirds (see Fig. 4 in Mayr, 2005) on the basis of their carpometacarpus morphology ( Fig. 5C ) (see also Mayr & Peters, 1998 ; Dyke & Waterhouse, 2000) . This hypothesis was first presented in detail, based on a phylogenetic analysis, by Mayr & MourerChauviré (2004, their Fig. 4 ) who listed six characters of the toes, legs and forelimbs interpreted as synapomorphies of certain Paleogene taxa and extant mousebirds. Although the Fur Formation mousebird material is certainly basal with respect to the crown taxa and will be added to forthcoming phylogenetic analyses (G. J. Dyke, in preparation), existing systematic arrangements for these birds directly contravene the hypothesis of Mayr (2005, p . 1) that ' no crown-group members of modern ''families '' are known from preOligocene deposits in Europe, or anywhere else '. This is an issue that will be returned to later in this review.
The remaining diversity of ' higher land birds ' from the Fur Formation is indicative of smaller birds ; small owls (Strigiformes), swifts (Apodiformes), nightjars (Caprimulgiformes), trogons (Trogoniformes) and their relatives, including several enigmatic extinct groups. The putative presence of owls in the Fur fauna is based on a single threedimensionally preserved sternum (Fig. 6 A) , provisionally assigned to the order Strigiformes by Kristoffersen (2002 b) . We draw attention to this specimen here ; its affinities will clearly require further work. It is worth noting that in general the fossil record of owls is good, extending back at least into the Paleocene (see Mayr, 2005) . This clade of modern birds is considered to comprise two extant 'families ' (Strigidae, true owls, and Tytonidae, barn owls). Owls have a world-wide distribution in modern avifaunas (Gill, 1995) .
Apodiformes, the clade that comprises swifts and hummingbirds, have a diverse fossil record that extends back into the Paleocene-Eocene in Europe and North America. A putative stem-group taxon (sensu Mayr, 2005) with respect to extant swifts (Scaniacypselus ; Apodidae) was first described from the Røsnaes Clay Formation of Denmark (Harrison, 1984) . The Røsnaes Clay Formation is now considered Lower Eocene (Ypresian) in age (not Middle Eocene, pace Harrison, 1984) . Similar forms are also represented in the Lower Eocene London Clay Formation and the French late Oligocene (Mourer-Chauviré, Berthet & Hugueney, 2004) . However, interpretation of these forms as ' stem-group ' taxa (Mayr, 2005 ) is a matter of A B C (Fig. 6 B, C) . This taxon was originally described as an early representative of the extant tree or crested swifts (Hemiprocnidae) (Harrison, 1984) , but is now considered to be outside crown-group Apodiformes (Mayr, 2003 ; . Most intriguingly, the known Lower Eocene Danish material brackets almost the entire systematic range of known fossil swifts and the fossils from the Fur Formation demonstrate that the bulk of early apodiform radiation had already taken place by the time of the Lower Eocene, 58 MYA (see Fig. 5 in Mayr, 2005) . No fossil hummingbirds are yet known from the Danish Lower Eocene, although the oldest confirmed fossil records of these birds are from Paleogene deposits of similar age in Europe (Mayr, 2003 . One particularly unique fossil known from the Fur Formation is the oldest recognised record of the enigmatic avian clade of trogons (Trogoniformes). These birds are characterised by the presence of a specialised heterodactyl foot (where the second of the four toes is permanently directed backwards). Kristoffersen (2002a) described an isolated neurocranium of Septentrogon madseni from the Fur Formation, which is roughly the same age as an isolated tarsometatarsus from the London Clay (see Mayr, 1999) . Several other isolated specimens are also known from the Fur Formation (Kristoffersen, 2002 b) . Because the fossil record of these birds is so sparse (see Mayr, 2005) , any and all new material presents an important research resource.
Although boasting a well-diversified Paleogene fossil record, the traditional avian ' order ' Caprimulgiformes is now considered paraphyletic (Mayr, 2002b ; , grouped alongside swifts and hummingbirds in a single clade (' Cypselomorphae ' ; see that comprises the aerial insectivores. Generally accepted, the order ' Caprimulgiformes' is subdivided into Nyctibiidae (potoos) and Caprimulgidae (nightjars) ; neither of these groups is known with certainty from the Danish Fur Formation, although Kristoffersen (2002 b) tentatively referred an isolated tarsometatarsus and phalanges to the order Caprimulgiformes based on their overall morphological similarity.
Coraciiformes is the taxon comprising rollers, groundrollers, kingfishers and hoopoes and is another example of a ' higher land bird ' grouping with uncertain morphological support. Although much fossil material referred to this group is known from other Paleogene-aged deposits in Europe and around the world, the bulk of the coraciiform fossil record that is well-preserved enough to be included within phylogenetic analyses comes from the German Middle Eocene deposit of Messel (Mayr, 1998 b) . Coraciiform specimens from the London Clay available for study (i.e. those that are not in private collections) consist of isolated, often fragmentary, single bones (Dyke, 2001 a) and even those from Messel are not as well-preserved in three dimensions as Fur Formation specimens, of which several are known. Hoch & Pedersen (1983) referred a remarkable specimen from the upper part of the formation to the group, consisting of an imprint of an almost complete skeleton that preserves imprints of long tail feathers and Kristoffersen (2002 b) referred an isolated tarsometatarsus with associated digits. Furthermore, a completely articulated and as yet undescribed specimen from the formation appears to belong to this clade.
Finally, perhaps the most intriguing avian fossil material known to date from the Fur Formation is records of small primoscenid birds (Kristoffersen, 2002 b) . These are small zygodactyl birds, with perching feet orientated in a similar way to parrots, with two toes forward and two pointed back, well-known from the European Paleogene (Mayr, 1998 b) . Primoscenidae were first described as Passeriformes (Harrison & Walker, 1977 ; see also Olson, 1985) and have been considered as either closely related to the songbird clade (Harrison & Walker, 1977) or to Piciformes (Mayr, 1998 b) , but the precise phylogenetic relationships of these enigmatic small perching birds remain unknown (Mayr, 2005) . Piciformes is the clade that includes extant birds like jacamars and woodpeckers, considered the sistergroup to Passeriformes and to date not known from the Fur Formation. Kristoffersen (2002 b) referred a three-dimensionally preserved postcranial skeleton to the Primoscenidae and another largely complete specimen, preserved as an imprint in diatomite, has recently been acquired by the Geological Museum in Copenhagen.
IV. ADDRESSING THE EOCENE AVIAN RADIATION (1 ) Climate change
It has been argued elsewhere that the Paleogene avifaunas currently known from around the world are similar, at least in terms of their broad-scale taxonomic compositions (Houde & Olson, 1992; Blondel & Mourer-Chauviré, 1998; Mayr, 2005) . This is to be expected given the phylogenetic scale at which such comparisons can usefully be made; familial and ordinal level, for example (Mayr, 2005) . As has been argued elsewhere (Blondel & Mourer-Chauviré, 1998) climate change was surely the single most significant brake impacting on the early radiation of modern birds. We expect that, in addition to the K-P extinction event, climate change throughout the Eocene would have acted as the second major factor driving the evolution of modern birds at this time. Blondel & Mourer-Chauviré (1998) , for example, listed 44 family-level groups identified in the fossil record by the end of the Eocene in Europe, half of which (22) are still represented in modern avifaunas. Although the known fossil record is not yet calibrated temporally to the scale required to test specific hypotheses about lineage dynamics in response to climatic fluctuations, it is nevertheless possible to pick out overall trends and to comment on lineage evolution. We can do this because deposits that preserve the abundant remains of fossil modern birds, such as Messel, the London Clay and Fur formations, include a diversity of tropical non-passerine taxa such as Coraciiformes, primoscenids and Psittaciformes. Unless these deposits merely record local climatic optima, these kinds of birds are likely to have been widespread across the northern hemisphere at the time. For most of the Paleogene there were few large climatic excursions in Europe (Blondel & Mourer-Chauviré, 1998) ; temperatures were subtropical and European forests extended as far north as Greenland and northern Canada. It is not surprising that the avian faunas across the northern hemisphere were also similar at this time.
The fossils known from this time interval demonstrate that the bulk of the modern 'orders ' was already present by the time of the Lower Eocene (e.g. see Table 2 in Mayr, 2005) . Studies of specific lineage responses to the climate change are somewhat hampered by the fact that while some groups have a good fossil record throughout the period, most have a more patchy temporal distribution. Assuming that present knowledge is reasonably adequate and accounting for future discoveries and re-descriptions of taxa, the study of a few lineages can reveal some patterns of extinction and evolution. For example, the extinct flying relatives of ratites, Lithornithiformes, are well-known and apparently abundant in Paleocene and Lower Eocene marine and terrestrial deposits from both Europe and North America, but despite years of collecting none are known from Middle Eocene or younger deposits. The apparently widespread demise of this once diverse and important group in the northern hemisphere (Houde, 1988) might be related to climatic deterioration, which commenced during the Middle Eocene.
Another lineage with a previously widespread northern hemisphere distribution which also disappeared are the giant gastornithid 'terror-cranes ', now considered to be Anseriformes (Mayr, 2005) . The ' family ' is present in deposits from the Paleocene to the Lower Eocene in Europe and North America (Prothero, 1994a) and lingers on until the lower Middle Eocene in Europe (Mayr, 2005) . Gastornithids are hypothesised to have been carnivorous (Mayr, 2005) , and their staggered extinction pattern of North America first and Europe later probably reflects that of their mammalian prey, as well as a preference for a more closed forest habitat. Replacement of subtropical evergreens by more deciduous floras and more open vegetation and their associated mammal fauna during the Middle Eocene appears to have occurred earlier and more severely in North America than in Europe .
Based on the currently available fossil record, it is also possible to discern patterns of replacement within some relatively well-studied orders with an extensive fossil record. For example, within Galliformes ('landfowl '), Gallinuloididae and Quercymegapodiidae disappear at the end of the Middle and Upper Eocene, respectively (see Table 2 in Mayr, 2005) . They are replaced by the Paraortygidae in the Upper Eocene (Mayr, 2005) , while the Phasianidae (pheasants and relatives) appear in the Lower Oligocene (Mourer-Chauviré, 1992) . It has been previously hypothesised that the Phasianidae may have superseded or displaced more primitive families (Mourer-Chauviré, 1992) . Phasianids have a large and well-developed crop, reflected by the morphology of the sternum (breastbone) and furcula (wishbone) of these birds (Stegmann, 1964) . Comparison of the morphology of the phasianid sternum and furcula with that of the extinct groups indicates that the latter had a less efficient crop and might have been replaced by the phasianoids, which were more efficient seed-eaters as the environment became drier and more open. This scenario is nicely mirrored by the concurrent replacement of some endemic European mammal groups by Asian rodents, also better adapted to seed-eating (Prothero, 1994 a, b) .
( 2) A question of phylogenetic scale Although the pattern of the evolutionary radiation of modern birds (Neornithes) has been debated based on morphological and molecular data-sets, evidence based on the placement of Paleogene fossil taxa has only recently been introduced (Cracraft, 2001 ; Mayr, 2005) . Some studies had used Paleogene fossils either to calibrate molecular clocks (e.g. Cooper & Penny, 1997) or to formulate completeness tests based on the fossil record (e.g. Bleiweiss, 1998 ), but did not take into account the questionable phylogenetic placements of the taxa in question. Dyke (2001b) utilised a number of independent phylogenetic hypotheses to predict that while some of the earliest diverging clades of Neornithes were present prior to the K-P extinction horizon (i.e., Palaeognathae, Galliformes and Anseriformes), the bulk of the remainder of the modern avian radiation took place in the earliest Paleogene. This has been developed into a hypothesis similar to that formulated by Feduccia (1995 Feduccia ( , 2003 : an explosive radiation of modern birds in the aftermath of the K-P extinction, and is corroborated by the described (albeit fragmentary) Cretaceous records (Hope, 2002; Clarke et al., 2005) . The only well-represented neornithine bird from the Mesozoic thus far described is the anseriform Vegavis iaai (Clarke et al., 2005) , from the Cretaceous of Antarctica. However, phylogenetic hypotheses that include the known Cretaceous and Paleogene fossil record of Neornithes remain thin on the ground. Many of the phylogenetic analyses that have been conducted, for example including the anseriforms Vegavis, Presbyornis and Anatalavis (Livezey, 1997 ; Dyke, 2001 a ; Clarke et al., 2005) , place these taxa close to or within the crown-group of these clades, alongside extant taxa. A similar result was recovered by Livezey (1998) in his analysis of gruiform interrelationships, which included the Messel fossil Messelornis. The cladistic hypothesis suggests placement of Messelornis within a clade also comprising the extant Eurypyga (sunbittern), Rhynochetos (kagu) and the extinct Aptornis (adzebill) (Livezey, 1998) . These four taxa are hypothesised to comprise the clade Eurypygae, nested well within crown-group gruiforms, with a number of lineages leading to extant taxa occurring in more basal positions (but crown-group gruiforms nevertheless) within the phylogeny (e.g. hemipodes, buttonquails and mesites).
In the face of much contradictory phylogenetic evidence drawn from fossil taxa, Mayr (2005, p. 1) argued that 'no crown-group members of modern '' families'' are known from the Eocene or older deposits in Europe or anywhere else ' and that ' the diversification of the ''crown-groups'' within modern avian '' families '' did not take place before the Oligocene, irrespective of the relative placement of these taxa within Neornithes'. Discussion of this hypothesis is a matter of phylogenetic scale, requiring clear characterbased diagnoses of extant avian ' families ' as nested clades within clades. As yet, the phylogenetic resolution to test this hypothesis in the context of modern birds simply does not exist. To argue confidently that there were no crowngroup representatives of modern 'families ' present in the Paleogene, one would require a genus-level tree for the clade in question into which fossil taxa can be introduced. There are currently few examples of modern avian clades within which this kind of resolution has been achieved by use of morphological characters, while analyses of fossils founded on the few hypotheses that do exist, Galliformes, Anseriformes and Gruiformes, contradict Mayr's (2005) hypothesis. The phylogenetic relationships of fossil taxa of galliforms remain controversial (Dyke, 2003 ; Mayr & Weidig, 2004) , but those placed within Anseriformes do not. Most striking of all, in Clarke et al.'s (2005) morphological phylogenetic analysis, the Cretaceous Vegavis was placed in a more crown-ward phylogenetic position than extant screamers Chauna and Anhima, Magpie-Goose Anseranas and the Paleogene fossil Anatalavis. This analysis of anseriform inter-relationships corroborates the earlier hypotheses of Livezey (1997) for the fossil Presbyornis and Dyke (2001b) for Anatalavis. For Mayr's (2005) hypothesis to be correct, i.e. the crown-group ' families ' of modern birds did not radiate until the Oligocene, Clarke et al.'s (2005) robust phylogenetic hypothesis for anseriforms is either incorrect or the extant screamers and Magpie-Goose are no longer to be considered members of extant anseriform ' families '.
What we do know is that well-known fossil modern birds from deposits of early Paleogene age provide a window on the extent of the evolutionary radiation of the group at the time and that the placement of taxa in, or close to, crowngroup positions implies the appearance of these 'orders ' at earlier times than the early Paleogene. The inclusion of fossils within phylogenies allows minimum-age estimates to be placed on the divergence times of internal nodes. As many of the Fur Formation specimens are well-enough preserved to be included within new and existing phylogenetic analyses, they can be used to address the timing and extent of the modern avian radiation prior to, and into, the Paleogene.
V. CONCLUSIONS
(1) The fossil record of modern birds, the abundance and diversification of taxa, is linked to changes in climate throughout the Eocene. Despite the spatiotemporal shortcomings of the known avian fossil record of the epoch, some lineage dynamics in response to climatic fluctuations can be discerned. The extinction at the beginning of the Middle Eocene of the Lithornithiformes, who appear previously to have been a diverse and abundant group during the Paleocene and Lower Eocene, could be related to climatic deterioration in North America and Europe. Likewise the extinction of the giant, carnivorous Gastornithidae in the lower Middle Eocene might reflect changes in prey and habitat brought about by climatic change. Within one lineage, the Galliformes, the replacement of archaic families by phasianoids during the Oligocene probably reflects better adaptation to food processing in new, drier habitats, again occasioned by overall climatic deterioration.
(2) Although debates regarding the origination of both modern birds as a whole (i.e. early Cretaceous, late Cretaceous, early Paleogene) and the crown-group modern 'families ' persist, it is clear that the Paleocene and Lower Eocene was a time of great avian diversification, perhaps as a result of favourable global climatic conditions. In Europe, the combination of slowly deteriorating climatic conditions and persisting close proximity to the North American continent from the Middle Eocene onwards, might have slowed the evolutionary rate, as the faunas did not markedly differentiate until the Oligocene when seasonal climates at mid-latitudes began to prevail around the world. At this time, in combination with a more marked isolation of Europe from North America, it is suggested that faunas on both sides of the Atlantic began to differentiate and diversify anew (Blondel & Mourer-Chauviré, 1998) . This then may be the 'origin of crown-group family-level ' clades to which Mayr (2005) refers.
(3) Because little sampling effort in deposits of this age (and older) has taken place in the southern hemisphere, hypotheses suggesting that some, or all, of the modern avian radiation may have taken place outside of the well-sampled northern hemisphere regions cannot readily be tested at present.
(4) The goal of current research must be the continued development of an accurate evolutionary timescale for modern birds, or at least one that can accurately combine the use of fossils with advances in molecular methods. The discovery and description of well-preserved fossil taxa is not enough. Much work remains to address the relationships of the existing neornithine fossil record within the context of morphological and molecular phylogenetic analyses for the extant clades of birds. On one hand, the quality of the Paleogene avian fossil record of modern birds is well known ; the fossil record continues to reveal an abundance of taxa, some of them, like the Fur Formation birds, exceptionally well preserved and clearly highly anatomically informative. On the other hand, the importance of the Paleogene fossil record cannot be understated. There is little question that many of these fossils will prove relevant in testing the validity of many of the traditional higher taxa of birds. An integrated approach to the relationships of Neornithes, including information from the morphology of fossils and extant birds, as well as their molecular make-up will be required to resolve the timing of evolutionary diversification of this major vertebrate group.
(5) Data thus far available on the extent of the neornithine fossil record by the earliest Paleogene does not require the appearance of all the major modern clades prior to the K-P boundary. Earlier diverging clades within Neornithes were clearly present in the Cretaceous as evidenced directly by new fossil material alongside phylogenetically constrained Lower Eocene taxa. A later Oligocene radiation of some clades within Neoaves, other than Passeriformes, is not supported by available fossil data. Finally, we would argue that the fossil record of modern birds is not poor, as a large number of specimens well enough preserved to be used in phylogenetic analyses are known from the early Tertiary, in contrast to the described Mesozoic records. Although much further work is required to elucidate the relationships of extant taxa on the basis of osteological characters and then to combine fossils within these analyses, the pattern of and factors influencing the evolutionary radiation of this major vertebrate group is beginning to emerge.
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